Cocaine dependence is associated with increased stress and drug cue-induced craving and physiological arousal but decreased prefrontal activity to emotional and cognitive challenge. As these changes are associated with relapse risk, we investigated the effects of α2 receptor agonist guanfacine on these processes. Twenty-nine early abstinent treatment-seeking cocaine dependent individuals were randomly assigned to either daily placebo or guanfacine (up to 3 mg) for four weeks. In a laboratory experiment, all patients were exposed to three 10-min guided imagery conditions (stress/ stress, drug cue/drug cue, stress/drug cue), one per day, consecutively in a random, counterbalanced order. Subjective craving, anxiety and arousal as well as cardiovascular output were assessed repeatedly. Brain response to stress, drug cue and relaxing imagery was also assessed during a functional magnetic resonance (fMRI) imaging session. In the current study, guanfacine was found to be safe and well-tolerated. Lower basal heart rate and blood pressure was observed in the guanfacine versus placebo group. Guanfacine lowered stress and cue-induced nicotine craving and cue-induced cocaine craving, anxiety and arousal. The guanfacine group also showed increased medial and lateral prefrontal activity following stress and drug cue exposure compared with placebo. Data suggest further exploration of guanfacine is warranted in terms of its potential for reducing stress-induced and cue-induced drug craving and arousal.
Introduction
Cocaine dependence remains a serious global public health problem and despite the availability of efficacious behavioral treatments for cocaine dependence, no FDA approved medications currently exist, and cocaine relapse rates remain high (Alterman et al.,1996; Kang et al., 1991) . When considering pharmacotherapy development for cocaine dependence, it is important to note that a majority of cocaine dependent individuals are also regular smokers (Patkar et al., 2006; Wiseman and McMillan, 1998) . Moreover, cigarette smoking is more prevalent in cocaine abusers than alcohol and marijuana (Budney et al., 1993; Sees and Clark, 1991) and may serve to increase craving (Epstein et al., 2010; Reid et al., 1998) and relapse risk (Dackis and O'Brien, 2001; McKay et al., 1999) . As a result, efficient relapse prevention strategies could benefit from investigating the effects of novel medications on craving for both concomitant cocaine and nicotine dependence.
Chronic cocaine dependence is associated with allostatic changes in stress and reward pathways that are known to increase drug seeking in laboratory animals (Bossert et al., 2005; Koob, 2009 for review; Shalev et al., 2002) . A number of human studies have also shown increases in basal and phasic cardiovascular responses (e.g. heart rate, blood pressure) as well as dysregulated sympathetic and hypothalamic pituitary adrenal (HPA) activity, and sensitized negative mood to be associated with the stress-induced and cue-induced craving state (Back et al., 2005; Fox et al., 2008 Sinha et al., 1999 Sinha et al., , 2000 Sinha et al., , 2003 . In support of preclinical research, these stress system alterations in humans, including stress and cue-induced drug craving, have been found to predict relapse outcomes in the laboratory as well as in clinical and real world settings (Paliwal et al., 2008; Shiffman, 2010; Sinha et al., 2006) . As such, medications with the potential to target these dysregulated stress arousal and drug craving processes may be efficacious in reducing relapse vulnerability in cocaine dependent individuals.
Consistent with animal and human biophysiological research, neuroimaging studies of cocaine dependent individuals have also highlighted disturbances in corticostriatal-limbic regions involved in stress and reward processing. For example, one of our previous studies indicated that cocaine abusers show decreased medial prefrontal and anterior cingulate activity during exposure to stressrelated imagery . Hypo-responsive activity in these brain systems during stress is clinically important for several reasons. First, these regions are integral to cognitive and emotional control (Garavan and Hester, 2007; Li et al., 2009b; Roberts et al., 1998) , known to underlie impulsivity and a range of goal-oriented and organizational behaviors (Potenza et al., 2003; Witkiewitz and Marlatt, 2005) associated with addictive behaviors (Goldstein et al., 2009; Sinha and Li, 2007) . Second, goal-oriented behaviors often break down under stressful or emotionally demanding circumstances, possibly due to the conflict of different regulatory goals (Baumeister et al., 1994; Fox et al., 2007; Kuhl and Koole, 2004) . Empirical evidence for the role of corticostriatal activity in terms of addiction maintenance is further exemplified by the fact that increased activation of the ventromedial prefrontal cortex during a cognitive control-related Stroop task performance has been shown to correlate positively with longer durations of abstinence in cocaine dependent individuals (Brewer et al., 2008) .
In view of this prior research, systematically assessing the efficacy of a medication which is potentially able to both reduce stress system arousal and strengthen pre-frontal mechanisms underlying control-related behaviors may be imperative for improving treatment outcome. Guanfacine decreases norepinephrine (NE) centrally by mimicking NE and selectively stimulating α2A-adrenoceptors in the prefrontal cortex (Arnsten and GoldmanRakic, 1985; Arnsten and Plizska, 2011; Cai et al., 1993) . Stimulation of these receptors causes a decrease the presynaptic output of sympathetic neurotransmitters, effectively down-regulating sympathomimetic outflow from the vasomotor center of the brain to the heart and blood vessels (Scahill, 2009) . This, in turn, results in a decrease in peripheral vascular resistance and blood pressure.
Preclinical studies show that α2-adrenegic agonists like guanfacine reduce stress-related drug seeking in laboratory animals with experience of cocaine (Erb et al., 1998 Highfield et al., 2001 ) alcohol (Lê et al., 2005) and nicotine (Zislis et al., 2007) . Guanfacine has also been shown to improve inhibitory control-related processes in non-human primates and humans with attention deficit hyperactivity disorder (ADHD) and tic disorders Chappell et al., 1995; Hunt et al., 1995; Jäkälä et al., 1999; Ma et al., 2005; Scahill et al., 2001; Swartz et al., 2008; Taylor and Russo, 2001) . Similarly, we have previously shown that another α2-adrenergic agonist, lofexidine, decreases stress-induced and cue-induced opiate craving and associated arousal in opioid dependent individuals treated with naltrexone .
We aimed to conduct a pilot study assessing the effects of guanfacine versus placebo in cocaine dependent individuals. Our objectives were to assess whether guanfacine decreases stress-induced and cue-induced anxiety, arousal, negative emotion and drug craving along with changes in cardiovascular measures in a laboratory setting; also whether guanfacine increases prefrontal brain activation during stress and cue exposure using functional magnetic resonance imaging (fMRI). As all of the cocaine abusers in the current study smoke both crack cocaine and cigarettes some additional overlap in terms of cue response is expected. In support of this, behavioral routines commonly associated with cigarette smoking have also been shown to serve as cues that trigger cocaine craving in crack abusers (Sees and Clark, 1993) . As such, we also assessed nicotine craving within the laboratory. We hypothesize that guanfacine-treated patients will show decreased peripheral autonomic function alongside reduced stress and cue-related cocaine and nicotine craving and negative emotion. We also hypothesize that guanfacine will increase prefrontal activation during stress and drug cue exposure relative to placebo in the fMRI.
Methods and materials

Participants
Twenty-nine treatment-seeking cocaine dependent individuals who responded to local advertisements placed in newspapers, online and in community centers around the New Haven area participated in the current study. Current cocaine dependence was determined by using the Structured Clinical Interview for the Diagnostic and Statistical Manual of Mental Disorders, 4th Edition (DSM IV - First et al., 1995) as well as positive urine toxicology screens collected upon entry into inpatient treatment. Exclusion criteria included current (past month) DSM-IV (Diagnostic and Statistical Manual of Mental Disorders, 4th Edition) dependence for any drug other than cocaine, alcohol or nicotine. Participants meeting any current (past month) DSM-IV criteria for psychiatric disorders or using prescribed medications for any psychiatric or health issues were also excluded. In addition, all individuals underwent stringent medical assessments including electrocardiography and laboratory tests of renal, hepatic, pancreatic, hematopoietic and thyroid function. For the laboratory component, 17 were randomized to guanfacine and 12 to placebo. Of these 29 participants, 15 (six guanfacine, nine placebo) were eligible and volunteered for the fMRI session. Separate written and verbal consent was obtained from all participants for the laboratory and fMRI component of the study and the procedures were approved by the Human Investigation Committee (HIC) of the Yale University School of Medicine.
Design
All cocaine dependent patients were randomly assigned to guanfacine (up to 3 mg daily) or placebo in a randomized, double blind manner.
In the laboratory component of the study, participants were exposed to three 10-minute personalized guided imagery conditions (stress/stress, drug cue/drug cue, combined stress/drug-cue) across three consecutive days, one imagery condition per day, in a randomized and counterbalanced order. Medication group (placebo versus guanfacine) was the between factor and imagery condition (stress/stress, drug cue/drug cue, combined stress/drug cue) and time-points (repeated assessments over time in the laboratory component) were the within factors.
In the fMRI component of the study, participants were exposed to brief (2-min) stress, drug cue and neutral/relaxing guided imagery conditions (two of each) in randomized blocks during one single scanning session. Medication group (placebo versus guanfacine) was the between factor and imagery condition (stress, drug cue, neutral/relaxing) was the within factor.
Guanfacine dosing schedule
Guanfacine pills (marketed by Watson Pharmaceuticals) were purchased through the pharmacy located at the Connecticut Mental Health Center (CMHC) and the research pharmacist ensured that both active and placebo capsules used for medication administration appeared identical. All placebo pills contained lactose. Participants were randomly assigned to either guanfacine (2 or 3 mg) or placebo. As guanfacine has not been previously used in addicted populations, we started the study with placebo versus 2 mg dosing in a double blind manner. Guanfacine has typically been administered in a dose range of 2.0-4.0 mg/daily for the treatment of attention deficit hyperactivity disorder (ADHD) and autism in children with few side effects, and greater efficacy observed in the higher 3-4 mg dose range (Biederman et al., 2008; Chappell et al., 1995; Handen et al., 2008; Scahill et al., 2001 ). However, as many of these studies had used the slow-release preparation, it was not clear how the higher doses would be tolerated using the generic preparation. Therefore, we started the study using only the 2 mg dose for the active group. After the first 14 participants were studied and minimal complaints of side effects were reported, and particularly minor blood pressure changes (assessed in a blinded manner across participants), we increased the guanfacine dosing to 3 mg for subsequent participants, who were randomized to the active condition. Five days after inpatient admission all participants were initiated on a 14-day dose escalation schedule, similar to that used in previous human studies in children with ADHD (Biederman et al., 2008; Chappell et al., 1995; Handen et al., 2008; Scahill et al., 2001 ). All laboratory sessions were conducted in week 4, approximately 25 days after admission. The fMRI sessions were then conducted on the following day. After the laboratory and fMRI sessions, participants underwent a standard four-day taper (Strang et al., 1999) . Randomization procedures were conducted by the CMHC research pharmacist, experienced in Urn randomization procedures (Stout et al., 1994) .
Safety
Under the current dosing schedule guanfacine was shown to be well tolerated, with mild levels of reported side effects. Analysis of side effects data indicated that 4/17 (24%) of the guanfacine group and 1/12 (8%) of the placebo group reported mild tiredness and fatigue. Mild to moderate headaches were reported by 3/17 (18%) of the guanfacine group and severe headaches by 1/12 (8%) of the placebo group. In addition, 1/17 (6%) of the guanfacine group reported a mild sensation of numbness and 1/17 (6%) reported a mild feeling of 'heart racing'. In the placebo group 1/12 (8%) also reported severe body aches, upset stomach and fever. All symptoms dissipated over time without further intervention and Fisher's exact test analysis indicated no significant group differences regarding the frequency of patients reporting each of these symptoms.
General procedures
All laboratory procedures (see Figure 1a) were conducted at the Clinical Neuroscience Research Unit (CNRU) of the CMHC. Cocaine dependent patients were admitted to the CNRU for four weeks of inpatient treatment and study participation. The CNRU is a locked inpatient treatment research facility with no access to alcohol or drugs and very limited access to visitors. Drug testing was conducted regularly to ensure drug abstinence. As participants were treatment seeking, they participated in four weeks of group drug counseling treatment for cocaine addiction using the standard drug counseling manual as a guide (Mercer et al., 1994) during their inpatient stay. During the first week of inpatient stay, participants were administered structured baseline assessments measuring psychiatric and substance use history. They started on study medication on day 5, and in the second week, scripts for the guided imagery induction for the laboratory and the fMRI session were developed as described in previous studies (Sinha, 2009) . The three laboratory sessions were conducted in week 4 and the fMRI session was conducted on the day following the laboratory sessions. The clinician responsible for devising the imagery scripts was also accountable for randomizing and counterbalancing presentation order as well as recording the scripts. The order of scripts was not provided to the research staff conducting both the laboratory and fMRI sessions thereby keeping them blind to the order and content of all scripts. Participants also remained blind until imagery presentation.
Imagery script development procedures
Imagery script development procedures are based on methods developed by Lang and his colleagues (Lang et al., 1980 (Lang et al., , 1983 Miller et al., 1987) , and further adapted in our previous studies (Sinha et al. 1992 (Sinha et al. , 1999 (Sinha et al. , 2000 Sinha and Parsons, 1996) . For the laboratory component of this study, participants provided two stress scenarios for the stress/stress condition, two drug cue scenarios for the drug cue/drug cue condition and a stress and drug cue scenario for the combined stress/drug cue condition. We included a combined stress and drug cue exposure condition, in addition to stress alone and drug cue alone, as both cues often occur in combination in the real-world setting. For the fMRI component of the study, all participants provided an additional two stress, two drug cue and two neutral/relaxing scenarios. Briefly, the stress scripts were based on participants' descriptions of recent personal stressful events that were experienced as 'most stressful'. 'Most stressful' was determined by having the participants rate their perceived stress on a 10-point Likert scale where 1 = not at all stressful and 10 = the most stress they felt recently in their life and only situations rated as 8 or above were accepted as appropriate for script development. Examples of stress scripts included breakup with a significant other and marital conflict situations. The drug-related cues scripts were developed by having participants identify recent situations that included drug-related stimuli and resulted in subsequent cocaine use (e.g. being at a bar, watching others smoke crack and drink alcohol). The stress and drug cue combined script elicited situations where a stressful scenario was followed by a drug-related event. Examples of such combined stress/drug cue situations are a stress event such as marital conflict scenario followed by a situation involving people, places or things relating to and leading to drug use. The neutral scripts for the fMRI component of the study comprised a relaxing script developed from the participants' description of a personal event such as being at the beach, or a fall afternoon reading at the park, without the inclusion of drug-related stimuli.
Once the situations were elicited using Scene Construction Questionnaires, three 10-minute scripts were developed for the three laboratory sessions. Each 10-minute script consisted of two five-minute scenarios: 1) stress (5 min)/stress (5 min), 2) drug cue (5 min)/drug cue (5 min), 3) stress (5 min)/drug cue (5 min). In addition, six two-minute scripts were also developed for the fMRI session: 1) two stress scripts (2 min in length), 2) two drug cue scripts (2 min in length), 3) two neutral/relaxing scripts (2 min in length). All scripts incorporated a standardized style and format including specific stimulus and response information as described in our previous studies (see Bergquist et al., 2010 and Sinha, 2009 for detailed description of procedures). Each script was then audio-taped and presented in the laboratory and the fMRI sessions. In the laboratory sessions the three scripts (stress, cue, combined stress/cue) were presented one imagery per day, across consecutive days in a randomized and counterbalanced order. In the fMRI session, the six scripts (stress -two, cue -two, neutral -two) were presented in a quasi-randomized manner across one testing session. It was ensured that trials of the same imagery conditions were not presented consecutively.
In addition to the script development, on the day prior to the laboratory sessions, participants were brought into the testing room in order to acclimatize them to specific aspects of the study procedures including the subjective rating forms and training in relaxation and imagery procedures, as previously described by Sinha et al. (2003) and Sinha (2009) .
Procedures for laboratory sessions (conducted across three consecutive days)
On each testing day, participants abstained from breakfast in order to account for dietary influences, and were brought into the testing room at 07.45. All participants were allowed an initial smoke break at 07.30 in order to reduce craving. After settling the subject in a sitting position on a hospital bed, a blood pressure cuff was placed on their preferred arm to monitor blood pressure and a pulse sensor was placed on the subject's forefinger to obtain a measure of pulse. Self-reports of craving, anxiety and mood were completed immediately after set-up. This was followed by a 45-minute adaptation period during which the participants were instructed to practice relaxation. At 09.00 participants were provided with headphones and given the following instructions for the imagery procedure:
Close your eyes and imagine the situation being described, 'as if' it were happening right now. Let your body and mind get completely involved in the situation, doing what you would do in the real situation.
During imagery presentation, heart rate was monitored continuously, and blood pressure every two minutes using a continuous monitoring Dinamap (GE Medical Systems, Tampa, FL, USA). Craving, anxiety, arousal and negative emotion ratings, as well as heart rate and blood pressure, were collected prior to, immediately following imagery and then periodically every 15 minutes after the imagery period up to 60 minutes (+15, +30, +45, +60). At the end of each session, relaxation instructions were provided and the session was terminated at 10.30. All laboratory procedures were identical across the three consecutive days with the exception of the imagery condition presented (i.e. stress, cue, combined stress/cue).
Laboratory assessments Subjective measures
Drug craving scales. Two separate 10-point visual analog scales (VASs) were used to assess desire for cocaine and a cigarette: Please rate the intensity of your desire to use cocaine/ nicotine at the moment, in which 1 = 'not at all' and 10 = 'extremely high'.
Anxiety. This was also measured using a similar 10-point VAS anchored as above.
Differential Emotion Scale. The Differential Emotion
Scale (DES) (Izard, 1972) comprises 30 specific emotional adjectives (or items) and participants are required to rate on a fivepoint scale the extent to which each word describes the way s/he feels at the current time. The subscales of anger and sadness were collapsed to form a general Negative Emotions scale including items such as downhearted, upset, distressed, annoyed, irritated and mad. The arousal subscale was also analyzed and comprised items such as tense, nervous, jittery, aroused, excited and anxious.
Cardiovascular measures. Critikon Dinamap 120 Patient Monitor (GE Medical Systems, Tampa, FL, USA) was used to assess blood pressure and pulse rate in a continuous manner prior to, immediately following imagery and then periodically every 15 minutes after the imagery period up to 60 minutes (+15, +30, +45, +60).
Statistical analyses for laboratory component
A series of Linear Mixed Effect (LME) models (Laird and Ware, 1982) were implemented to analyze the data for each dependent variable, both at baseline and following imagery exposure, using SPSS software (version 17). Within factors of condition 3 (stress/ stress drug cue/drug cue, combined stress/drug-cue), time-point 6 (varying levels) and the between factors of medication group 2 (guanfacine/placebo) were the fixed effects. Participants represented the random effect. In order to account for baseline variability across each testing day, change from baseline was used for all measures in order to assess response to the imagery exposure. A series of T-tests and chi-square analyses were used in order to compare the treatment and placebo medication groups on demographic and drug use variables. As gender has been shown to moderate both the subjective and bio-physiological aspects of stress response (Fox et al., 2006 we co-varied for gender in all analyses.
The Sidak test for multiple comparisons was used to analyze simple effects. A series of T-tests and chi-square analyses were used in order to compare the treatment and placebo medication groups on demographic and drug use variables.
Procedures for fMRI component fMRI acquisition. MRI images were collected using a 3-T Siemens Trio MRI system equipped with a single-channel standard quadrature head coil, using T2*-sensitive gradient-recalled single shot echo planar pulse sequence. Anatomical images were obtained with spin echo imaging in the axial plane parallel to the AC-PC line with T R = 300 ms, echo time (T E ) = 2.5 ms, bandwidth = 300 Hz/pixel, flip angle (FA) = 60°, field of view = 220 mm × 220 mm, matrix = 256 × 256, 32 slices with slice thickness = 4 mm with no gap. Subsequently functional images were acquired with a single-shot gradient echo planar imaging sequence; 32 axial slices parallel to the AC-PC line covering the whole brain were obtained with T R = 2000 ms, T E = 25 ms, bandwidth = 2004 Hz/pixel, FA = 85°, field of view = 220 mm × 220 mm, matrix = 64 × 64, 32 slices with slice thickness = 4 mm and no gap, 190 measurements. Then, a high resolution 3D Magnetization Prepared Rapid Gradient Echo sequence was utilized to acquire sagittal images for multi-subject registration (T R = 2530 ms; T E =3.34 ms; bandwidth = 180 Hz/pixel; FA = 7°; slice thickness = 1 mm; field of view = 256 mm × 256 mm; matrix = 256 × 256).
fMRI stimulus presentation. Scripts for the stress, drug cue and neutral/relaxing imagery were presented as separate trials in a single fMRI scanning session. Six 5-min trials were acquired, with each trial comprising a 1.5-min quiet baseline period followed by a 2.5-min imagery period (2 min of read-imagery) and a 1-min quiet recovery period as in our previous studies (Jastreboff et al., 2010; Li et al., 2005; Seo et al., 2010; Sinha et al., 2005) . During the baseline, participants were instructed to stay still without engaging in any mental activity. During the recovery period, participants were asked to stop imagining and lie still in the scanner. Each script was presented only once and scripts from the same condition were not presented consecutively. Between fMRI blocks, all participants participated in progressive relaxation for 2 min in order to normalize any residual anxiety or craving from previous trials (see Figure 1b) . fMRI analysis. All imaging data were converted from Digital Imaging and Communication in Medicine (DICOM) format to analyze format using X MedCon (Nolfe, 2003) . During the conversion process, the first 10 images at the beginning of each trial were discarded to enable the signal to achieve steady-state equilibrium between radio frequency pulsing and relaxation, leaving 180 measurements for analysis. fMRI data were preprocessed with slice time correction using a custom routine in MATLAB (The MathWorks, 2000, Natick, MA) and then motion corrected using Statistical Parametric Mapping (SPM 5) (Wellcome Department of Cognitive Neurology, 2005). Images were motion corrected for three translational and three rotational directions (Friston et al., 1996) and any trials with linear motion in excess of 1.5 mm or rotation greater than 2° were removed. Following preprocessing, General Linear Model (GLM) was used to analyze individual subject data on each voxel in the entire brain volume with a regressor (time during imagery, 2.5 min) for each block per condition relative to the baseline (1.5 min) using Bioimagesuite (www.bioimagesuite.org) (Duncan et al., 2004) . Each block was modeled using a boxcar function convolved with a canonical hemodynamic response function. Drift correction was included in the GLM model in the commonly used manner, in which drift regressors were used to remove the mean time course, linear trend, quadratic trend and cubic trend for each trial. The recovery period (1 min) was excluded from the data analysis due to potential carryover effects from the imagery period. Functional images for each condition were spatially smoothed with a 6 mm Gaussian kernel and the output maps were normalized betamaps in the acquired space (3.44 mm × 3.44 mm × 4 mm).
To adjust for individual anatomical differences, three registrations were applied sequentially using the Yale BioImage Suite software package (Duncan et al., 2004 ). First, a linear registration between the individual subject raw functional image and that subject's 2D anatomical image was performed. Second, the 2D anatomical image was linearly registered to the individual's 3D anatomical image (1 mm × 1 mm × 1 mm resolution). Finally, a non-linear registration was performed between the individual 3D anatomical image and a reference 3D image, which is the Colin27 Brain (Holmes et al., 1998) in Montreal Neurological Institute (MNI) space (Evans et al., 1993) . Then the output maps from the individual-subject level were converted to Analysis of Functional Neuro Images (AFNI) format and submitted to a group-level analysis.
Statistical analyses for fMRI component
For group analysis, a voxel-wise LME model was implemented for the whole brain with the 3dLME program within AFNI software (Cox, 1996) , including two factors, group and condition (neutral, drug cue, stress). Two tailed t test was used to further investigate main effects and interactions. Then, the Family Wise Error rate (FWE) correction for multiple comparisons was utilized using Monte Carlo simulations (Xiong et al., 1995) conducted in AlphaSim in AFNI (Cox, 1996) and a threshold of p < 0.05 (FWE corrected, two-tailed) was set for all analyses.
Results
Participants
There were no significant differences between the placebo and guanfacine medication groups with regards to gender, race, age, years spent in education, recent prior cocaine, alcohol and nicotine use as well as other clinical characteristics (see Table 1 ). There were also no statistical differences in the baseline nicotine craving, cocaine craving, anxiety and arousal measures among the guanfacine and placebo groups in the laboratory sessions and also no differences in craving and anxiety ratings at baseline in those who participated in the fMRI session. 
Results for laboratory sessions
Medication effects in response to imagery
Cocaine craving. A main effect of condition was observed [F (2, 458) = 5.4; p = 0.005] where all participants reported significantly greater craving ratings in the cue/cue condition compared with the stress/stress condition (p = 0.004). A significant medication group X condition interaction [F (2, 458) = 3.2; p = 0.04] further indicated that the typical increases in cue-related craving compared with stress-related craving (Chaplin et al., 2008; Fox et al., 2007 Fox et al., , 2008 Sinha et al., 2003 Sinha et al., , 2009 were observed in the placebo, but not the guanfacine group. Craving ratings during cue exposure were higher than those during stress (p = 0.003) and combined stress/cue (p = 0.009) exposure in the placebo group only (Figure 3a) .
Nicotine craving. A main effect of condition was observed
[F (2, 458) = 6.2; p = 0.002] indicating that higher nicotine craving was reported following cue (p = 0.01) and combined stress/ cue (p = 0.004) compared with stress imagery. A significant main effect of medication group [F (1, 26) = 4.4; p < 0.05] also indicated that higher nicotine craving was reported in the placebo compared with the guanfacine group following exposure to all three imagery conditions (Figure 3b ).
Anxiety. A main effect of condition was observed [F (2, 458)
= 3.6; p < 0.03], showing higher ratings following exposure to cue compared with stress (p = 0.02) across all participants. A significant medication group X condition interaction [F (2, 458) = 6.2; p = 0.002] was observed, resulting from significantly higher anxiety in response to cue relative to stress imagery (p < 0.0001) in the placebo group. This elevation in cue-related anxiety was not observed in the guanfacine-treated group. Furthermore, guanfacine-treated patients reported significantly lower anxiety following exposure to cue-related imagery compared with the placebo group (p = 0.006; Figure 3c ).
Arousal. A main effect of condition was observed [F (2, 458)
= 8.0; p < 0.0001], showing higher ratings following exposure to cue compared with stress (p < 0.0001) and combined stress and cue (p < 0.02) in all participants. A significant medication group X condition interaction [F (2, 458) = 9.5; p < 0.0001] was also observed, indicating significantly lower ratings of arousal following cue (p = 0.05) and combined stress/cue imagery (p < 0.05) in the guanfacine group compared with the placebo group. In addition, significantly higher ratings of arousal were observed following exposure to cue compared with the stress (p < 0.0001) and combined stress/cue imagery (p = 0.003) in the placebo group only. This increase in cue-related arousal was not reported in the guanfacine group (Figure 3d) Heart rate and blood pressure. No significant main effects or interactions were observed for cardiovascular measures following exposure to the imagery conditions.
Exploratory analyses
Guanfacine dose. Current findings indicated that chronic guanfacine dosing (combined across 2 or 3 mg) was efficacious in reducing drug cue-related cocaine craving, but had no effect on these processes following stress exposure. We therefore conducted an exploratory analysis to ascertain whether these findings were potentially related to dose, and assess whether the higher guanfacine dose (3 mg daily) might be required to reduce craving and arousal following exposure to stress. Using mixed analysis of variance (ANOVA), we found significant main effects of dose (placebo, guanfacine -2 mg and 3 mg) for cocaine craving (p = 0.05), and nicotine craving (p = 0.004) across all time-points. For both of these drug craving measures, lower levels of craving were observed in the guanfacine 3 mg group compared with either the placebo and/or the guanfacine 2 mg group.
Alcohol dependence. As a sub-sample of the current cocaine dependent participants also met criteria for current alcohol dependence (42% placebo and 41% guanfacine) secondary analyses was conducted using alcohol dependence as a fixed factor (dependent versus non-dependent) in all LME models. No significant medication group X alcohol dependence interactions were observed for any of the dependent variables, and all medication effects remained unchanged.
Results for fMRI component BOLD activation in guanfacine and placebo groups.
The results from voxel-based analysis using AFNI revealed significant group differences in brain activation during both drug cue and the stress conditions (p < 0.05 (two-tailed), wholebrain FWE corrected; see Table 2 and Figure 4 ).
During the drug cue condition, the guanfacine group showed significantly greater activation in five regional clusters relative to Mean and standard error (SE) for basal heart rate and systolic and diastolic blood pressure across the three laboratory testing days in placebo versus guanfacine treated cocaine dependent individuals.
the placebo group: the left dorsolateral prefrontal cortex (DLPFC)/ ventromedial prefrontal cortex (involving the left DLPFC, ventromedial prefrontal and orbitofrontal cortex [OFC]); a cluster including the left lateral prefrontal cortex and premotor cortex; bilateral limbic-temporal clusters (amygdala, hippocampus, hypothalamus, superior/middle/inferior temporal lobe); a cerebellarinferior occipital cluster. During stress exposure, the guanfacine group displayed greater activation in four regional clusters compared with the placebo group; bilateral ventrolateral prefrontal cortex (VLPFC)/insula clusters (VLPFC, insula, putamen, superior temporal gyrus, right precentral gyrus); a left premotor cortex cluster (BA 6); a medial prefrontal cortex/cingulate cluster (dorsomedial prefrontal cortex, anterior/middle cingulate gyrus). For the neutral condition, no differences between two groups were found with corrections for multiple comparisons at p < 0.05. No brain regions were more active in the placebo group than in the guanfacine group at p < 0.05 with correction for multiple comparisons.
Discussion
In this initial laboratory study we investigated the effects of chronic guanfacine dosing versus placebo on basal and stressinduced and drug cue-induced craving, anxiety and negative emotion as well as subjective and physiological arousal in early abstinent cocaine dependent smokers. Guanfacine treatment relative to placebo decreased basal heart rate and blood pressure, showing lower autonomic reactivity. Guanfacine also significantly decreased stress-and cue-induced nicotine craving, as well as cue-related cocaine craving, anxiety and arousal. In a second fMRI study using a sub-sample from the laboratory study, we examined the functional neural systems associated with response to stress and cue in guanfacine versus placebo groups. Findings showed that guanfacine treatment increased activation in specific regulatory regions of the medial and lateral prefrontal cortex in response to stress and drug cue exposure, as well as increasing insula activation during stress imagery exposure compared with placebo. Both studies combined demonstrate a preliminary, but unique, profile of guanfacine's ability to selectively reduce craving, anxiety and arousal in peripheral and central pathways involved in subjective, physiological and self-control processes. Although guanfacine did not impact phasic heart rate and blood pressure response, its efficacy in lowering autonomic tone may itself represent a key mechanism underlying the changes in subjective response to stress and cue. For example, up-regulated heart rate and blood pressure are often characteristic of the nonspecific physiological adaptations observed in chronic cocaine dependence, especially during early abstinence (Fox and Sinha, SS: stress/stress condition, SD: stress/drug cue condition, DD: drug cue/drug cue condition. Group differences: *p ≤ 0.05, **p < 0.01
2009; Kampman et al., 2001 Kampman et al., , 2006 . Importantly, in addition to increasing oxygen demand and chances of muscular and endothelial damage (Sáez et al., 2011; Schindler, 1996) , increased autonomic arousal and cardiovascular output is also associated with risk-related behaviors, including persistent cocaine and alcohol craving (Fox et al., 2008; Robbins et al., 1997; Sinha et al., 2003 Sinha et al., , 2009 . It is also postulated that high tonic autonomic arousal per se, may act as a cue or trigger for cocaine craving and increased anxiety during early abstinence (Kampman et al., 2006) . As such, the guanfacine-related decrease in peripheral physiological arousal observed in this study may contribute to decreasing subjective anxiety, arousal and craving response to provocation. While guanfacine demonstrated efficacy in decreasing nicotine craving across stress, cue and combined stress/cue imagery conditions, its effects on cocaine craving were more selective to drug cue-induced craving. This is largely inconsistent with preclinical data and suggests some remaining vulnerability for relapse risk in the use of guanfacine for cocaine relapse prevention. It is important to note, however, that preclinical models of stress and cue-related craving have developed via the examination of various aspects of self-administration schedules within stressrelated and cue presentation paradigms. These have included assessing breaking points within progressive ratio schedules, duration of extinction responding, conditioned reinforcement through repeated pairings of drug and a neutral stimulus, and second-order schedule paradigms (Markou et al., 1993 for review) . While the efficacy of guanfacine has not been directly assessed within these paradigms, studies using the stress-reinstatement model have shown evidence for the role of guanfacine in reducing the incentive-motivational properties of cocaine, nicotine and alcohol following stress (Cleck and Blendy, 2008; Erb et al., 2000; Highfield et al., 2001; Lê et al., 2005; Shaham et al., 2000; Stewart, 2003; Zislis et al., 2007) .
Another potential explanation for the selective cue-related efficacy in reducing cocaine craving may be related to dose. It may be that 2 mg guanfacine daily is successfully able to reduce drug cue-related cocaine craving; however, a higher dose of 3 mg daily may be required to decrease stress-induced cocaine craving. As this was an initial preliminary study assessing guanfacine's effects on drug craving and stress arousal, there was little previous research regarding the optimal guanfacine dosing levels for drug craving-related outcomes. Indeed, exploratory analyses in the present study provided an initial positive signal for a higher, 3 mg, dose of guanfacine, relative to the 2 mg and the placebo dose, to be beneficial in decreasing stress-induced cocaine craving and stress-induced nicotine craving. This initial dose-related exploratory analysis suggests the need to conduct a dose-related study to systematically examine the effects of guanfacine 2 mg daily and 3 mg daily relative to placebo on stress and drug cuerelated craving and stress arousal and this is currently under study.
In the present study, guanfacine also demonstrated greater efficacy in reducing cue-related, rather than stress-related, anxiety and arousal, and these findings may again be consistent with the significantly higher levels of provoked cocaine and nicotine craving observed following the cue condition (Sinha et al., 2003; Fox et al., 2007 Fox et al., , 2008 . Notably, in our prior research using analogous imagery paradigms, we have shown that stress and cue exposure elicit dissociable craving-related emotional states. While cuerelated craving reflects a greater anticipatory deprivation state characterized by anxiety, fear and jitteriness, stress is more associated with higher levels of negative emotion including sadness and anger (Fox et al., 2007) . In addition to this, extensive pre-clinical research has shown that the specific arousal state can affect the pharmacodynamics of many psychoactive agents, possibly due to the potential for synergistic effects on CRF-NE feed forward pathways, common to both substance abuse as well as acute and chronic anxiety (Baker et al., 2005; Bremner et al., 1997; Bruijnzeel and Gold, 2005; Heim et al., 2000 for review) .
Adrenergic medications such as guanfacine may therefore show greater efficacy during these increased anxiety and arousal states, which, in the current study, is more likely to be associated with the cue condition. It is notable for example that an increased trend in negative emotion in this study was demonstrated in both groups following stress and combined stress and cue compared with the cue condition and guanfacine had no effect on provoked negative emotion (sadness and anger) following either stress or cue.
Findings from the current study may therefore suggest that the cue-related dissociations observed in guanfacine's efficacy may be associated with selective underlying emotional arousal states and offer an added potential explanation for the more robust effects of guanfacine on cue-related anxiety, arousal, and cocaine craving compared with stress-related response. The possibility that different components of emotional distress may underpin the stress-related and cue-related craving state may further help clarify the potential need for a higher guanfacine dose to reduce arousal and craving following exposure to the stress imagery condition. For example, several laboratory studies in humans have demonstrated discrete emotion-specific blood pressure responses within major categories of emotions (Montoya et al., 2005; Sinha et al, 1992) . In one particular study conducted by Montoya et al. (A) Drug cue: during exposure to drug cue, the guanfacine group displayed greater activity in the left dorsolateral PFC, ventromedial PFC, lateral PFC, premotor cortex, temporal lobe, inferior occipital lobe and cerebellum compared with the placebo group. The bar graph highlights the significant group difference in brain activation in the left dorsolateral PFC, a region typically associated with working memory (means and standard error shown). (B) Stress: during exposure to stress, the guanfacine group showed increased activity in the ventrolateral PFC, dorsomedial PFC, anterior/middle cingulate gyrus, insula, putamen, superior temporal lobe and premotor cortex compared with the placebo group. The bar graph highlights the significant group difference in brain activation in the ventrolateral PFC, also associated with working memory (means and standard error shown). For the neutral condition, no differences between the two groups were found with corrections for multiple comparisons at p < 0.05. Coordinates are given in MNI space.
(2005), while anger was associated with increased cardiac output, fear was associated with decreased cardiac output and increased total peripheral resistance in a group of healthy subjects. As the stress-and cue-related craving state has been shown to be dissociable in terms of subjective and physiological aspects of emotions such as anger and fear (Fox et al., 2007; Montoya et al., 2005; Sinha et al., 1992) , varying doses of adrenergic medications such as guanfacine may be required to decrease arousal.
The ability of guanfacine to reduce this cue-related anxiety, arousal and craving is clinically important. From a broad perspective, the early tension-reduction hypothesis of addiction proposed that substance use represented a means to reduce stress and anxiety (Cappel and Herman, 1972; Conger, 1951 Conger, , 1956 ). In addition, extensive preclinical studies have modeled the sensitization of withdrawal-induced anxiety, via assessment of locomotor activation and social interaction, and its association with increased drug seeking and relapse (Bossert et al., 2005; Shalev et al., 2002) . Moreover, in human research, recent studies have shown that subjective, bio-physiological and behavioral/bodily indicators of arousal and anxiety are both robustly associated with the negative reinforcing effects of cocaine and alcohol Breese et al., 2011; Chaplin et al., 2010; Fox and Sinha, 2009) .
Findings from this study also indicated a more robust effect of guanfacine in terms of reducing nicotine, compared with cocaine, craving. Such variation in efficacy between craving for different drugs may have been influenced by differences in consumption expectancies in the current research design. While participants were all treatment seeking for cocaine dependence and kept on a locked inpatient facility with no access to cocaine or other illicit drugs, they were allowed four regular smoke breaks per day including prior to and following the laboratory study, in order to curb nicotine withdrawal-related symptoms. As early research studies have indicated that consumption expectancies exert an influence on cue-related craving (Berg et al., 1981; Kaplan et al., 1984; Marlatt et al., 1973) , future research is warranted to investigate in greater depth how both dose and consumption expectancies contribute to medication effects on stress and cue-related craving.
Another possible explanation for differences in guanfacine's efficacy in reducing cocaine craving compared with nicotine craving may be related to pharmacodynamic variations between the two drugs in terms of dopamine (DA) release within the nucleus accumbens (NAc). While cocaine inhibits DA uptake in the NAc, creating high levels of extracellular DA (Weiss et al., 1992) , nicotine use leads to an enhanced fraction of DA release via presynaptic terminals (Sulzer, 2011 for review) . While preclinical evidence has shown that α2A agonists, including guanfacine, do demonstrate efficacy in terms of counteracting the hyperdopaminergic state of certain drugs (Jentsch et al., 2008) , it is possible that the long-term effects of nicotine and cocaine abuse on dopamine pathways may vary and could potentially contribute to the differential effects of guanfacine on nicotine versus cocaine craving.
Data from the imaging component of this study expands upon the subjective and autonomic laboratory data in showing that the therapeutic effects of guanfacine may also extend to the mediation of central catecholaminergic function in cocaine dependent individuals. While the laboratory findings highlight the potential of guanfacine to reduce peripheral autonomic arousal as well as drug cue-related subjective arousal, craving and anxiety; the imaging data confirms the ability of guanfacine to increase activation in prefrontal regions associated with distractibility and alertness (Sara, 2009 ) as well as the cognitive and emotional regulatory mechanisms underpinning craving and treatment outcome (Aron et al., 2007; Kober et al., 2010; Li et al., 2009a; Sinha et al., 2005) . This is consistent with research indicating that guanfacine may improve prefrontal network connectivity at the level of ion channels by stimulating α2 adrenergic receptors in the prefrontal cortex (Arnsten and Pliszka, 2011 for review; Wang et al., 2007) . Furthermore, the two studies combined highlight both a peripheral and central adrenergic mechanism for strengthening autonomic, emotional and cognitive/control-related function common to provoked anxiety, arousal and craving in cocaine dependent individuals.
Specifically, cocaine dependent individuals who were administered guanfacine demonstrated increased activation in medial and lateral prefrontal regions during the stress (ventrolateral PFC, dorsomedial PFC, anterior/middle cingulate gyrus) and the drug cue (left dorsolateral PFC, ventromedial PFC, lateral PFC) related imagery conditions relative to those administered placebo. Human imaging studies have shown activation in these dorsolateral prefrontal regions to be associated with strategic working memory processes and regulatory control (Baker et al., 1996; Lazeron et al., 2000; Owen et al., 1996; Rowe et al., 2001; Yochim et al., 2008) known to underlie goal-oriented behaviors sensitive to stress (Baumeister et al., 1994; Kuhl and Koole, 2004) such as planning, organizational skills, self-monitoring, decision making (Blume and Marlatt, 2009 ) and the inability to resist environmental cues (de Wit and Richards, 2004) . As such, the ability to optimize dorsolateral and ventromedial function in the face of stress and/or environmental challenge may also highlight an important pharmacotherapeutic mechanism associated with guanfacine. Although not directly assessed in the current study, some support for this is provided by the fact that several studies have documented guanfacine-induced increased activation within these prefrontal regions alongside improved executive function (Avery et al., 2000; Jäkälä et al., 1999) . Moreover, cognitive control techniques have been a helpful therapeutic strategy for reducing both negative affective responses and craving (Blume and Marlatt, 2009; Kober et al., 2010; Ochsner and Gross, 2005; O'Connell et al., 2007) .
In terms of study limitations, most notably, any interpretation of findings is limited by the small subject sample and must be viewed in terms of preliminary data. Also, as no previous clinical study had tested guanfacine's effects in the laboratory or on clinical outcomes in drug abuse, we administered up to 3 mg daily doses without systematically testing for a dose effect of 2 versus 3 mg. In addition, although guanfacine reduced cue-related cocaine craving in the laboratory sessions, this was only comparative with other imagery conditions that also evoked a craving response. While this is theoretically supported by a large number of studies using the same imagery paradigm and which typically show craving to be significantly higher following exposure to cue compared with stress (Chaplin et al., 2008; Fox et al., 2007 Fox et al., , 2008 Sinha et al., 2003 Sinha et al., , 2009 ) future research may be encouraged to consider the use of a non-arousing comparison condition.
Additionally, with regard to our fMRI study, it is important to consider the possibility that functional brain activation may have been indirectly affected by the non-specific anti-hypertensive effects of guanfacine (Kalisch et al., 2001; Tuor et al., 2002) , producing a potential confound in terms of response to the stress and cue-related stimuli. While this remains a possibility, there were no differences in brain response between placebo and guanfacine treated groups in the neutral/relaxing control condition, which would be expected with any non-specific anti-hypertensive effect of guanfacine. Rather, brain activation in the current study was observed in discrete, rather than widespread, regions of the prefrontal cortex that are consistent with those previously observed in rats administered non-sedative doses of guanfacine (Easton et al., 2006) as well as those affected by ADHD (Arnsten, 2011) .
Despite these limitations, this preliminary study is the first to assess guanfacine's effects on stress-and drug cue-related drug craving as well as peripheral and neural stress arousal responses. Findings suggest that guanfacine may reduce stress-and cueinduced nicotine craving as well as cue-induced cocaine craving, anxiety and arousal in cocaine dependent individuals possibly by decreasing peripheral arousal and increasing BOLD activation within regulatory prefrontal regions. Exploratory data also suggest that a higher dose of 3 mg daily may be required to decrease stress-induced subjective cocaine craving and arousal, possibly due to dissociations in the emotional processes underlying stress and cue exposure. These data suggest that further dose-related studies of guanfacine in decreasing stress, drug craving and relapse risk in cocaine dependence are warranted.
